Nanoscience and nanotechnology require development of nanomaterials that are amiable for molecular design from bottom up. Molecular designer self-assembling peptides are one of such nanomaterials that will become increasingly important for the endeavor. Peptides have not only been used in all aspects of biomedical and pharmaceutical research and medical products, but also have had enormous impact in nascent field of designed biological materials. We here report the dynamic structures of lipid-like designer peptide A 6 D (AAAAAAD) and A 6 K (AAAAAAK) that undergo selfassembly into nanotubes in water and salt solution. We not only analyzed their self-assemblies using dynamic light scattering to determine the critical aggregation concentration (CAC), but also use atomic force microscope to observe their nanostructures. We also propose a simple scheme by which these lipid-like peptides self-assemble into dynamic nanostructures. Since the knowledge of CAC is important for uses of these peptides for a variety of applications, these findings may have significant implications in the study of molecular self-assembly and for a wide range of utilities of designer self-assembling peptide materials.
Biological building blocks including peptides and proteins, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] diacetylenic lipids, [12] [13] [14] have recently been employed to design and fabricate for a wide range of nanoscale materials for diverse applications. The designed peptide nanomaterials offer unique material engineering opportunities because of their relatively simple structures and easy scale up commercial productions. Different types of nanomaterials have been developed using various classes of self-assembling peptides. These include peptide nanofibers, 3 6-10 15-19 peptide nanocoatings, 11 20 peptide scaffolds, 7-10 15-19 and peptide nanotubes. [21] [22] [23] [24] [25] [26] [27] The peptide nanotubes are of special interest for their potential utilities as drug and gene delivery vehicles, scaffold for costing metal nanowires, and artificial transmembrane channel, surfactants for stabilization of membrane proteins. 4-5 25-27 The molecular self-assembly of peptide nanotubers is facilitated through weak, non-covalent bonds: notably hydrogen bonds, ionic bonds (electrostatic interactions), hydrophobic interactions, van der Waals interactions and water-mediated hydrogen bonds.
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We previously reported a new class of lipid-like peptides, also called peptide surfactants [21] [22] [23] [24] that can spontaneously undergo self-assembly to form dynamic nanostructures in pure solution, similar as other lipids and surfactants. These lipid-like peptides were designed with a head group of one or two hydrophilic amino acids, either positively charged residues lysine, arginine or histidine, or negatively charged residues aspartic acid or glutamic acid; and a tail of four or more consecutive hydrophobic amino acids, such as glycine, alanine, valine, isoleucine, leucine, phenylalanine, tyrosine, and tryptophan. In aqueous solutions at a certain pH without other membrane proteins, these lipid-like peptides have a tendency to sequester their hydrophobic tails to self-organize themselves into highly ordered nanotube structures. These nanotube structures have been observed by transmission electron microscopy (TEM) using quick-freeze/deep-etch sample preparation methods. [21] [22] [23] [24] The size distributions of the nanostructures became broader over time, suggesting a very dynamic process of self-assembly and disassembly. 21 It is likely that the peptides and their assemblies change over time. Since the chemical property of the lipid-like peptides are similar to some lipids and surfactants that are very important for stabilize membrane proteins. Thus, our study may not only gain insight into the dynamics of lipid-like self-assembling peptides, but also find application for studying structure and function of diverse membrane proteins.
It is estimated that about one third of total genes in the all sequenced genomes of organisms code for membrane proteins. [28] [29] This fact reflects the vital roles membrane proteins in the function of living systems. Membrane proteins involve in a wide spectrum of essential functions including convert energy in photosynthesis, sense their environments in signal transduction, transport molecules in and outside of cells, and communicate with their surroundings. Furthermore, many metabolic enzymes including energy producing proteins and protein complexes are embedded in lipid membrane. Yet, little is known about majority of their structures, nor the detailed mechanisms of their functions. Although ∼35,000 three-dimensional protein structures have been elucidated (August 2006) only 218 (114 unique ones) of these are of membrane proteins. This disparity stems from the technical challenge of solubilizing, stabilizing, and crystallizing proteins that are membrane-bound, particularly integral membrane proteins. Considerable efforts have been made to solubilize, stabilize, and crystallize membrane proteins using diverse lipid-like peptides. Our lipid-like peptides may be useful for these studies.
We have shown that these short lipid-like amphiphilic peptides could solubilize and stabilize various membrane proteins and membrane protein complexes. [30] [31] [32] For negatively charged head group, the C-terminal end of the peptide is uncapped and thus carries its inherent negatively charged carboxylic acid group. Therefore aspartic acid based amphiphilic peptides, such as A 6 D consisting of six alanines (A) followed by a negatively charged aspartic acid (D), carry a maximum of −2 charge at a pH above the pKa's of the carboxylic acids (pKa ∼ 3.7), one from the C-terminus and one from the side chain of aspartic acid. On the other hand, A 6 K has a lysine with a positively charged head. The pKa of lysine side chain is ∼10, at neutral pH, it bears a net positive charge.
Similar to common surfactants such as dodecyl maltoside (DM) and octyl glucoside (OG), this class of lipid-like peptides can stabilize the functions of membrane proteins outside of the natural cellular membrane. Lipid-like peptides, however, may have different stabilizing mechanism than common surfactants with alkane tails. They may interact proteins through intermolecular hydrogen bonding between the peptides and protein molecules themselves.
When using surfactants to stabilize membrane proteins, it is important to know the critical aggregation concentration (CAC), also commonly referred to as the critical micelle concentration (CMC), a value at which the energetically favorable release of water molecules around the hydrophobic region(s) of the surfactants become more significant than the electrostatic repulsion of the head groups, causing the molecules to self-assemble into micelles and other ordered structures. The types of structures formed depend on many different factors, such as the shape of the monomers and chemical property of these molecule. Solubilization and stabilization of membrane proteins are usually conducted at or slightly above the CAC of the surfactants. This allows for the membrane proteins to be solubilized inside the pre-formed micelles. Concentrations significantly higher than the CAC are usually not used as these surfactants may also interfere with membrane protein structures.
In order to understand how the lipid-like peptides selfassemble in water and in PBS, we carried out experiments to elucidate their behavior. We here report the measurement of critical aggregate concentrations (CAC's) of 2 lipid-like peptides, A 6 D and A 6 K and correlate them to structural behaviors. These results are essential so as to use these lipid-like peptides for stabilization studies of membrane proteins.
MATERIALS AND METHODS

Peptide Design and Preparation
The lipid-like peptides have a hydrophilic head and a hydrophobic tail. The hydrophobic tail's length was adjusted to approximately phospholipids size. The hydrophilic head can be chosen from anionic or cationic amino acids. Two kinds of lipid-like peptides were chosen with good solubility in neutral water. Ac-AAAAAAD (A 6 D) and Ac-AAAAAAK-CONH 2 (A 6 K) hydrophobic tails consist of six alanine residues and hydrophilic head, which is either an aspartic acid or a lysine. A 6 D has aspartic acid with two negative charges at pH 7. A 6 K has lysine head with positive charge at pH 7.
These peptides were commercially synthesized by Synpep, Dublin, CA or Synthetech, Albany, OR (www.synthetech.com). These peptides were solubilized in sterile water to a concentration of 12 mM, and their pH values were neutralized with 1 N NaOH in centrifuge tubes. The solutions were sonicated for 30 minutes in an Aquasonic Model 50HT water bath (VWR Scientific). These concentrated solutions were diluted to each concentration by adding Milli-Q water, or 1 × Phosphate Buffered Saline Buffer (100 mM KH 2 PO 4 , 10 mM Na 2 HPO 4 , 137 mM NaCl, 2.7 mM KCl, pH 7.4, Roche Diagnostics, Indianapolis, IN). The peptide solutions in serial dilutions were sonicated for 30 minutes at each concentration, and kept overnight at room temperature before dynamic light scattering measurements and atomic force microscopy measurements.
Dynamic Light Scattering (DLS)
An aliquot of 200 l of the peptide solution in various concentrations was used to perform DLS experiments using PDDLS/Batch (Precision Detectors, Franklin, MA). The
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Dynamic Behaviors of Lipid-Like Self-Assembling Peptide A 6 D and A 6 K Nanotubes scattered light was collected at a 90 angle and the number of the photons falling on an avalanche photodiode was detected as the intensity of scattered light. Data was acquired and displayed by Precision Deconvolve program. These experiments were repeated three times.
Atomic Force Microscopy (AFM)
For AFM experiments, 2 l sample was immediately deposited onto a freshly cleaved mica surface. Each aliquot was left on mica for 30 seconds, and rinsed with 200 l of Milli-Q water. The peptide sample on the mica surface was then air-dried, and images were acquired immediately. The images were obtained by scanning the mica surface in air under ambient conditions using an AFM (Nanoscope IIIa, Digital Instruments, Santa Barbara, CA) operated in tapping mode. Soft silicon cantilevers were chosen (FESP, Veeco Probes). AFM scans were taken at 512 × 512-pixels resolution and produced topographic images of the samples in which the brightness of features increases as a function of height. Typical scanning parameters were as follows: tapping frequency 60 kHz, RMS amplitude before engage 1-1.2 V, integral and proportional gains 0.2-0.6 and 0.4-1.2, respectively, set point 0.7-1.0 V, and scanning speed 1-1.5 Hz. These experiments were repeated three times.
RESULTS AND DISCUSSION
Designer Lipid-Like Peptides
The lipid-like peptides were molecular-designed to mimic amphiphilic lipid molecules ∼2-3 nm with a hydrophilic head and a hydrophobic tail. We chose two kinds of peptides, one has an anionic head, aspartic acid A 6 D, and the other has a cationic head lysine A 6 K (Fig. 1) . A 6 D has two negative charge in solution >pH 3.7 ( Fig. 2) which is the dissociation constant of aspartic acid's -COOH. A 6 K has one positive charge on its side chain below pH 10. The peptide solutions were adjusted to pH 7. 12 mM of peptide solutions in water were clear without noticeable precipitations. Aliquots of 0.01 mM to 3 mM of diluted solutions were prepared to carry out DLS experiments. They were also diluted by adding 1 × PBS, although high concentration solutions in PBS which were over 4 mM become cloudy indicating the partial insolubility. The same peptide solutions in PBS were used for both DLS measurement and AFM scanning.
The cationic lipid-like peptide, A 6 K (AAAAAAK), has a head with a positively charged lysine and a hydrophobic tail of six alanines. Under neutral pH and below the lysine pKa 10 (Fig. 2) , its population bears positive charge in aqueous solution. We used AFM and dynamic light scattering to study the relationship of the changes in dynamic behavior of the nanostructures to further our understanding of the lipid-like peptide self-assembly. The peptides consist of hydrophobic tail of six alanine residues and a hydrophilic head, either aspartic acid or lysine. The peptides are approximately 2.5 nm in length. The C terminus of A 6 D bears two negative charges of two carbonic acids, one from a side chain of D and another from the non-caped C terminus. A 6 K bears one positive charge of one amine from a side chain of K (lysine). The color code: carbon, gray; nitrogen, blue; oxygen, red; hydrogen, white. 
Dynamic Light Scattering (DLS)
Light scattering is one of the convenient methods to determine CAC. 24 DLS intensity correlates with the aggregation sizes. Below CAC, there are mostly monomer and small clusters, too small to be undetectable by the instrument. When the monomer and cluster starts to assemble, the intensity in DLS undergo exponentially increase as function of concentration increase. The same behavior was shown in Figure 3 . The intensity in DLS was negligible when the concentration is below the CAC, and varied gradually near the CAC. As soon as it crosses the CAC threshold, the intensity undergoes dramatic change indicating the formation of large assembled structures. The DLS results showed that A 6 D and A 6 K have characteristics as typical surfactants, self-assembly driven mostly from hydrophobic interaction. The gradual increase of intensity near CAC suggested that assembly was not typical alkyl tail hydrophobic interaction, but less strong hydrophobic interaction for the tails. The solutions of these peptides were also poly-dispersed suggesting variation of assembled nano-structures. However DLS cannot quantitatively determine numbers of assemblies because it cannot distinguish the structures between micelles and vesicles.
The CAC differences of the assembled peptides in Milli-Q pure water solution and PBS solution were also observed in DLS in Figure 3 . These measured CAC were as follows: 0.46 mM (A 6 D in water), 0.3 mM (A 6 D in PBS), 1.02 mM (A 6 K in water), 0.14 mM (A 6 K in PBS). The CAC of peptides in PBS were lower than that in water since PBS contain salt. This reduction in CAC in PBS salt solution is mainly due to the decrease in electrical repulsion between the ionic head-groups. Furthermore salt ions interact with water thus reducing the number of water molecules to hydrate peptides. These observations suggested that the CAC of each peptide varies depending on the solution environment including salts. It is important to emphasize, in biochemical experiments, all solutions contain salt including PBS solution. Thus, knowing each CAC is very important to dissolve hydrophobic substances especially membrane proteins. Thus the CAC in PBS for lipid-like peptides need to be determined for biology experiments.
Atomic Force Microscopy (AFM)
In order to experimental observe the dynamic structural behaviors of the lipid-like peptides A 6 D and A 6 K, AFM was used to follow their structures. AFM is useful tool to observe the structure in very fine details with minimal sample disturbance since there is no sample treatment except load it onto the mica surface.
From the dynamic light scattering results of various peptide concentrations, the peptide assemblies were polydispersed with different size and form of assemblies. Thus, peptide concentrations ranging from 0.04 mM to 6 mM of A 6 D solutions were used to acquire images of the assemblies. The PBS solutions of A 6 D were used for AFM measurement. Since mica surface is negatively charged, so counter ions between A 6 D molecules, which also have negative charges, are necessary to allow A 6 D peptides to attach on mica surface. Several types of nanostructures were observed above 0.3 mM (Fig. 4) . At 0.04 mM of which intensity in DLS was lower than CAC, no apparent nano-structures were observed. Although CAC was 0.3 mM in PBS solution, intensity in DLS started increasing ∼0.3 mM of which AFM image already showed spherical assemblies. At 0.5 mM, other structure were observed, they become wider and longer as a function of peptide concentration increase.
Interestingly unusual structures of the nanotube with regular bulges were observed in 4.0 mM and 6.0 mM of A 6 D solutions. The AFM images not only revealed
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Dynamic Behaviors of Lipid-Like Self-Assembling Peptide A 6 D and A 6 K Nanotubes the forms and sizes of structures but also their dynamic changes depending on concentrations of A 6 D. These results also correlated with the peptide solution intensity increasing determined in DLS. These elongated assemblies rather than spherical assemblies seemed to contribute to intensity in DLS. To observe details of assemblies, enlarged images were shown in Figure 4 . The structures of the assemblies in A 6 D solution transformed as a result of the increase in A 6 D concentration. The bundles of nanotubes were also observed in low concentration (0.5 mM). The nanotubes with bulges at regular interval appeared at ∼2.0 mM. The apparent helical pitch between the bulges became shorter and wider at 4.0 mM (Fig. 4 lower panel, c and f).
Molecular Modeling
The observed peptide nanostructures are similar as previous studies. [21] [22] [23] [24] However, in this report, we systematically studied different structures at different peptide concentrations. The phenomena are similar as many surfactants behavior. It is well known that there are several structural transitions from spherical micelles to cylindrical micelles, lamellar micelles, etc, as the concentration of surfactant is increased.
From available information, we here propose a schematic illustration of the peptide assembly structures at different concentrations (Fig. 6) . Below the CAC, small assemblies such as micelles or vesicle are formed. As the peptide concentration increase, structural transitions of the assemblies take place above CAC of the lipid-like peptides in both water and PBS. There exist single nanotube structure, bundles of nanotubes, and wider nanotubes with the regular pitches of multiple bulges. In this proposed model, nanotubes and buddle of nanotubes with the bulges are reversible. The diameter changes would be related to packing densities of vesicle tubes. Although a full computational molecular modeling is beyond our current capability, we propose a plausible path of self-assembly for the nanotubes and other nanostructures observed in our experiments.
The main purpose of our current systematic study of the lipid-like peptides is to tackle the challenging problems of membrane protein solubilization, stabilization, and crystallization. Since membrane proteins themselves are Naturemade nanomachines and nanodevices, our systematic study such lipid-like peptides will likely contribute to further study of the intractable membrane proteins. This class of designer lipid-like peptides is readily for large-scale synthesis at reasonably cost, amenable to high-throughput structural screening as well as for other wide spread uses in nanoscience and nanobiotechnology.
